We present a method, the bacterial mineral excretion (BME), for synthesizing two kinds of microcapsules, sodium tungstate and sodium molybdate, and the two metal oxides' corresponding nanoparticles-the former being as small as 22 nm and the latter 15 nm. We fed two strains of bacteria, Shewanella algae and Pandoraea sp., with various concentrations of tungstate or molybdate ions. The concentrations of tungstate and molybdate were adjusted to make microcapsules of different length-to-diameter ratios. We found that the higher the concentration the smaller the nanoparticles were. The nanoparticles came in with three length-to-diameter ratios: 10:1, 3:1 and 1:1, which were achieved by feeding the bacteria respectively with a low concentration, a medium concentration, and a high concentration. The images of the hollow microcapsules were taken via the scanning electron microsphere (SEM). Their crystal structures were verified by X-ray diffraction (XRD)-the crystal structure of molybdate microcapsules is Na 2 MoO 4 and that of tungstate microcapsules is Na 2 WO 4 with Na 2 W 2 O 7 . These syntheses all were accomplished under a near ambient condition.
Introduction
Metal oxide nanoparticles are exploited for drug delivery 1 , construction artificial bones 2 , heterogeneous catalysis 3 , field emission 4, 5 , solar cells 6 , gas sensors 7 , and lithium batteries 8 . For practical applications, the mechanical strength of both nanocrystals and their microstructure are crucial. Among the microstructures, hollow shell structures can be used to create lightweight, mechanically robust materials 9 . Among hollow shell structures, a spherical shape is known to be more rigid than an ellipsoidal shape; the latter has a larger length-to-diameter ratio than the former 10, 11 . This work describes a protocol for synthesizing spherical microcapsules via bacteria with a non-toxic method under an ambient condition, which contrasts with the alternative methods, including the template synthesis method 12 , ultrasonic-spray-assisted synthesis method 13 and hydrothermal method 14 . Some of the alternative methods require templates 12 , some a temperature as high as 500 °C 13 , and some a high pressure 14 . As for the resulting structure, the template synthesis method utilizing the yeast template brings about a core-shell structure 15 , instead of one with a single wall, and the one utilizing the E. coli template produces a structure with length-to-diameter ratio of 1.7:0.8, and is not spherical. 16 .
In this work, we have made metal oxide microcapsules with a single wall and of spherical shape under an ambient condition by exploiting bacterial metabolism. In bacterial glycolysis, a chemical process that metabolizes carbon sources, like glucose and lactose, carbon sources are considered to be the origin of the reducing power generated therein. We manipulated bacterial metabolism by adjusting the concentration of carbon sources to achieve desired ends. This method is environment-friendly, using non-toxic agents and consuming much less electricity power. Lastly, this method allows the mass production of microcapsules simply by increasing the volume of broth.
Prior to the method, there have been another two methods utilizing bacterial metabolism to make minerals: biologically induced mineralization (BIM) 17 and biologically controlled mineralization (BCM)
Representative Results Figure 1 shows genuine spherical microcapsules. Both the two strains of bacterium, Shewanella algae and Pandoraea sp., originally have a length-to-diameter ratio of 3:1. For achieving the length-to-diameter ratio of 1:1, a high concentration (>100 mM) of metal oxyanions is required. A low concentration (<5 mM) of oxyanions can result in a length to diameter ratio of 10:1, as that in Figure 2 , which may result from the influx of the oxyanions, blocking the binary fission of bacteria. Lastly, for achieving a length-to-diameter ratio of 3:1, like that in Figure 3 , a medium concentration (~20 mM) of oxyanions is needed. The formation of spherical shells, with a length-to-diameter ratio of 1:1, may be brought about by bacterial drives that make themselves shrink their surface area to balance the intake of oxyanions while diffusing oxyanions through the cell membrane. The three figures together indicate the length-to-diameter ratio may be tuned to from 10:1 to 1:1 simply by adjusting the concentration of oxyanions. Figure 5 show the nanoparticle grains of sodium molybdate in different sizes: the smaller one being 15 nm, and the larger one 110 nm. Note that in Figure 5 , on the non-shattered shells, particles of 110 nm can still be chained up to each other, forming porous shells. The larger one was gained through oscillating the temperature of the culturing broth 5 times between 25 °C and 37 °C, with each temperature lasting for 12 h. During the temperature oscillation, grains of different sizes can not only be produced but also maintain the micro-spherical structure, which means we can make microcapsules with different grain sizes, from 15 nm to 110 nm, just by controlling the broth temperature. Figure 6 shows the broken wall with larger grains staying next to the opening of the wall. The wall thickness is about 22 nm and the larger grain is about 40-60 nm. The difference in size may result from different metabolic processes, which are not yet identified.
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